A new kinetic analytical method for evaluating the grinding rate constant via the uniformity of the particle size distribution during a grinding process was investigated. The grinding experiments were carried out at various slurry concentrations. A stirring ball mill was used. The relationship between the uniformity of the particle size distribution and the uniformity grinding rate constant K was evaluated. The value of K decreased with the increase in the uniformity of the ground sample, and varied with the experimental conditions. The value of K, which is related to the uniformity of the raw sample, increased at low slurry concentrations.
New evaluation method for the kinetic analysis of the grinding rate constant via the uniformity of particle size distribution during a grinding process ☆ 
Introduction
The properties of ground materials are defined by the particle size distribution. Analysis of the particle size distribution to determine the grinding characteristics may be done using mathematical modeling. The primary goal of mathematical modeling is to provide a practical tool for the scale up, design, simulation, control, and optimization of industrial grinding circuits. The general analysis in grinding modeling uses population balance models based on first-order kinetics. The population balance model, a widely accepted description of the grinding kinetics [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] , was first proposed by Reid [1] . The significance of grinding kinetics is underscored by its relation to the properties of ground materials. Thus, the grinding rate constant is an important quantity used in estimating the characteristics of a grinding process. Many investigators have analyzed the grinding kinetics during operation of various grinding equipment and have found good agreement between results calculated using models and those obtained experimentally [4] [5] [6] [7] . The models require the determination of breakage and selection functions calculated from the results of batch grinding experiments. Such experiments use particle size ranges divided into a geometric sequence [10] [11] [12] [13] [14] [15] [16] . Several studies on grinding kinetics under various experimental conditions were performed to determine the grinding rate constant. These studies report that the grinding rate varied with experimental conditions [8] [9] [10] [11] [12] . Specific experimental conditions have been observed to contribute to increased grinding rates [10] [11] [12] . The grinding rate constant (K), which is used in the grinding kinetics equation, was experimentally determined on the basis of the grinding kinetics analysis of the specific surface area [13] [14] [15] [16] [17] [18] [19] . For example, in studies wherein the grinding consumption power was measured, the particle size distribution of ground products was obtained under various grinding conditions. The effect of grinding aids on the value of K was also investigated [10] . In the present study, we propose a new method for the evaluation of the uniformity grinding rate constant, hereafter designated as K, based on the uniformity of the particle size distribution during the grinding process. In previous studies, the uniformity rate constant has been calculated on the basis of analysis of the grinding rate process [4] [5] [6] [7] 15, 16] . In this work, the effect of experimental conditions on the value of K was examined by the uniformity of the particle size distribution. Plots of the particle size distribution were used to determine the percentages of the main particle sizes necessary for classification of ground samples. The uniformity of the particle size distribution was calculated using the uniformity equation. Analysis of the uniformity constant based on the rate revealed that the production rate could be expressed as an exponential function of the sample concentration.
Experiment
All grinding experiments were carried out using a vertical stirring ball mill (KMD-1B, Korea Material Development) [10] [11] [12] . The cylindrical pins (10 mm diameter, 78.0 mm length) are arranged at right angles to each other. The net inner volume of the milling chamber is 0.95 L. Alumina balls (99.9% purity, 1.0 mm diameter, 3600 kg/cm 3 density) were used as the grinding medium (Nikkato, Japan). Calcite powder with a median particle diameter of 10.41 μm was used as the experimental sample. The grinding rotation speed was varied from 300 to 700 rpm, and the slurry sample concentration was varied from 10 wt.% to 60 wt.%, respectively. The experiment was performed at room temperature. The particle sizes of the milled powders were analyzed using a particle size analyzer (Mastersizer Micro Plus, Malvern Instruments, U.K.) [10] [11] [12] . Fig. 1 shows the particle size distribution of the products obtained at various slurry concentrations and rotation speeds. Decreasing the slurry concentration not only resulted in finer products but also narrowed the particle size distribution by reducing the size and fraction of coarse particles. The particle size distribution of the raw material was broadly bimodal. As the slurry concentration increased from 10 wt.% to 60 wt.%, the gap between the fine and coarse modes of the bimodal distribution became gradually narrower; the height of the fine-mode peak increased as that of the coarse-mode peak decreased. Eventually, the peak of the coarse mode disappeared and the particle size distribution of the ground samples became narrow and monomodal at 700 rpm and at low slurry concentrations.
Results and discussion
Changes in the value of the uniformity based on the particle size distribution were plotted against the grinding time (Fig. 2) . The value of the uniformity was obtained using Eq. (1). Since the introduction of model-independent algorithms, many investigators have begun using various calculations to describe the distribution width. One of the common parameters used in laser diffraction studies is the uniformity, the strict definition of which is shown in the Eq. (1):
Here, the volume median diameter x 50 (D(v,0.5)) is the value above which 50% of the volume distribution lies; the other 50% lies below this value. Two determinations of the median particle size should not differ by more than 5% relative, and the shape of the curves in the two determinations should be the same. The quantity x 90 (D(v,0.9)) signifies that 90% of the volume distribution is below this value. Similarly, x 10 (D(v,0.1)) indicates that 10% of the volume distribution is below this value. The uniformity is the width of the distribution based on the 10%, 50%, and 90% quantiles. A three-point specification featuring x 10 , x 50 , and x 90 is considered complete and appropriate for most particulate materials. The slopes of the lines in Fig. 2 allow an estimation of the grinding rate. The slopes suggest that the production rate constant is dependent on the sample concentrations. Since the value of K is equal to the slope, K is dependent on the slurry concentration. Values of K were estimated in this manner for various sample concentrations, Cs; the resulting K values are plotted in Fig. 3 .
Variation of the slopes in Fig. 3 with the experimental conditions indicates that K is dependent upon Cs. The linear dependence of K on Cs suggests that K decreases exponentially with increasing sample concentration, whereas it increases exponentially with decreasing rotation speed of the grinding mill. Therefore, starting the grinding process at a high rotation speed and using lower sample concentrations could increase the grinding rate [11] . Based on the kinetic analysis of the uniformity of the particle size distribution, the K value decreases with the increase in sample concentration. These observations are similar to the results of previous investigations on various grinding rate constants [10] [11] [12] [13] [14] [15] [16] . The value of K also decreased with the decrease in rotation speed, as indicated by the value of the experimental constant b. Thus, we confirmed that sample concentration significantly affected the grinding rate during the grinding process. In previous studies, low sample concentrations have been observed to increase significantly the grinding rate, especially at low rotation speeds [11] . The K for various sample concentrations improved by as much as 1.6 times at 700 rpm and 3.6 times at 300 rpm. These results suggest that the main beneficial effect of low sample concentrations at low rotation speeds of the grinding mill is the full utilization of the grinding medium inside the mill. This occurs by reducing the slurry viscosity during the wet-grinding processes. In addition, low sample concentrations minimize the attractive forces among fine particles and thereby lead to better dispersion and particle flow. Our kinetic analysis of the uniformity of the particle size distribution of the ground samples confirmed that controlling sample concentration is very effective in achieving high grinding rates.
Summary and conclusions
The experimental grinding rate was determined and the uniformity grinding rate constant K was evaluated from the uniformity of particle size distribution of ground samples. These two quantities were studied using the grinding kinetics equation. Grinding of the wet, ultrafine calcite powder in a stirring ball mill was investigated. In particular, the effect of slurry concentration on the size of the final ground powders was examined. According to the trend of the K values, the grinding rate varied with sample concentrations. In particular, lower sample concentrations led to higher grinding rates. A simple mathematical model based on these experimental observations was proposed to describe quantitatively the grinding behavior in terms of the particle size distribution uniformity and the K value. On the basis of the trend of the K values, the production rate of the fine powder could be expressed as an exponential function of the relationship between the uniformity of the particle size distribution and the sample concentration. The model based on the empirical K value and sample concentration provides a good fit to the experimental grinding results. The K value at various sample concentrations increased by as much as 1.6 times at 700 rpm and 3.6 times at 300 rpm. Analysis of the uniformity of the particle size distribution during the grinding process confirmed that low sample concentrations led to a marked increase in grinding rates. Fig. 3 . The uniformity rate constant K plotted against the slurry concentration C s at various mill rotation speeds.
